ABSTRACT Typical underwater images exhibit poor visibility because of light scattering and absorption in turbid water. To resolve the ill-posed problem, a novel underwater image enhancement method based on Removing Light Source Color and Dehazing(RLSCD) is proposed. Scene depth, which is assumed strongly correlated with attenuations, is often ignored in most of the previous methods. A new scene depth estimation, which takes the attenuations of the different light conditions into account, is first presented. Additionally, the background light is estimated based on gray open operation and scene depth to avoid that the pixels in the white objects and artificial lighting regions may be wrongly estimated as the background light. With the estimated background light and transmission map, the dehazed image is achievable. Moreover, the theoretical analysis of the Lambertian Model indicates that the disturbance of the light source color in dehazed image can be estimated, this phenomenon enables us to correct color distortion and light overcompensation by removing the disturbance. Experimental results demonstrate the RLSCD method outperforms state-of-theart methods in terms of relatively genuine color, increased contrast, and brightness. 
I. INTRODUCTION
Acquiring clear images in underwater environments play a pivotal role in exploring and investigating the underwater world, such as monitoring marine biodiversity, underwater rescue, detecting underwater pipeline leaks and so forth [1] , [2] . However, underwater images suffer from contrast degradation, mostly due to haze caused by light scattering; the bluish tone due to the color change caused by the varying degrees of light absorption for different wavelengths; and the limited range, low brightness caused by low illumination [3] , [4] .Thus, developing an effective method to enhance such images is desirable.
To solve the aforementioned problems, a variety of image enhancement and restoration methods have been applied in the underwater environment, such as Histogram Equalization (HE) [5] , Contrast Limited Adaptive Histogram Equalization (CLAHE) [6] , Probability-based method(PB) [7] and Convex Optimization For Fast Image Dehazing(COFFID) [8] .
The associate editor coordinating the review of this article and approving it for publication was Shenghong Li. However, they are not based on the underwater physical model, and thus are not applicable for underwater images with different properties. Subsequently, some optimized physical models are introduced. For instance, in [9] , [10] , Point Spread Functions (PSF) and a Modulation Transfer Function (MTF), which are derived with underwater properties, are used to reduce the blurring effects. Trucco and Olmos-Antillon [11] presented a self-tuning restoration filter based on a simplified version of the Jaffe-McGlamery image formation model. Although the effectiveness of model-based restoration methods in removing haze, a fatal limitation of model-based restoration is that many parameters for these models are hardly obtained from underwater. In recent years, polarization-based and remarkable priors-based methods made significant breakthroughs in removing haze. The polarization-based method [12] , which needs two or more images, costs a lot of time, because of its inconvenient operation. Meanwhile, based on the prior, the Dark Channel Prior (DCP rgb ) [13] proposed by He et al. improves contrast by estimating the background light and the transmission map in the local regions. It is assumed that there is at least one VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ color channel has some pixels with low intensity in the local region. However, it ignores the fact that different wavelengths have different attenuation rates, being the red light decays the fastest in the underwater environment, while the green and blue channels keep their intensity longer. In this situation, DCP rgb has no sense anymore: being the image degraded or not, there is almost always one color channel with low intensity (the red one), leading to erroneous depth estimation and poor visibility [14] . Moreover, it can be invalid for the underwater images with white objects or artificial lighting. Thus, Inverse Red-channel Dark Channel Prior (DCP r gb ) [14] is proposed to avoid this problem. But the method frequently performs poorly because no work has been done with background light. Unlike DCP that calculates the transmission map with dark channel image, Peng and Cosman [15] enhanced hazy images based on Image Blurriness and Light Absorption(IBLA). This method achieves good results in low degraded images and is limited in processing underwater images with severe degradation. On the other hand, some methods mainly focus on restoring color distortion according to the different attenuation of each wavelength [16] . Iqbal and Odetayo [17] presented an underwater image enhancement method based on color balance and histogram stretching(UCM). Jaulin and Bazeille [18] proposed an algorithm to enhance underwater images by suppressing noise and adjusting colors. This method is done automatically, do not need parameter adjustment, it can be used as a preliminary step of edge detection. Chambah et al. [19] proposed a color correction method based on the Automatic Color Equalization (ACE ) model, an unsupervised color equalization algorithm developed by Rizzi et al. [20] . However these methods are ineffective in improving the image contrast which mainly degraded by light scattering. Although making the progress on enhancing underwater images, the above state-of-the-art methods focus solely on compensating either light scattering or color distortion, which may be invalid under the complex marine circumstances. To restore color and enhance contrast simultaneously, Chiang and Chen [21] proposed an underwater image enhancement method by combining a dehazing algorithm with a wavelength compensation(WCID). The method cannot be suitable for all the underwater images because complex lighting conditions existing in underwater images make exceptions. The foreground and the background are segmented with the mean luminances to detect and remove the possible presence of the artificial light source in WCID. However, the segmentation is based on the scene depth map using DCP rgb prior, which is often ineffective in an underwater environment.
Inspired by the above successful examples, in this paper, we propose a novel underwater image enhancement methods based on Removing Light Source Color and Dehazing (RLSCD). The specific improvements are as follows:
(a) Scene depth is assumed to be strongly correlated with the scattering and absorption effects [22] . Thus, it is important in accurately estimating background light and transmission map in Underwater Image Formation Model(UIFM).
We estimate scene depth by incorporating the inverse red channel attenuation, and the saturation attenuation, to pick the farthest pixels; (b) Rather than calculating the brightest pixels intensity as background light directly, scene depth and gray open operation are used to estimate the background light to alleviate the disturbance of the white objects and artificial lighting; (c) In contrast to the previous methods which mainly focus on scattering effects, color distortion and light overcompensation are considered in our study. Based on Lambertian Model, the disturbance of the artificial light source color response along the propagating path can be estimated. As a result, the scene irradiance, which can be recovered by removing the disturbance of the light source color, is free of the haze, color distortion and illumination overcompensation in the meantime.
The rest of this paper is organized as follows. In Section II, the related works in enhancing underwater images are presented. RLSCD method is described in Section III. Section IV compares the proposed algorithm with the existing approaches in terms of both subjective and objective qualities, and Section V summarizes the conclusions.
II. RELATED WORK
In this section we review the underwater image formation model and the classical dehazing method, respectively.
A. UNDERWATER IMAGE FORMATION MODEL
The underwater image formation is similar to the hazy image formation model proposed by McGlamery [23] , the total irradiance received by the camera including three parts: the backscattering component due to the float particles scattering B c = A c (1 − t c (x)); the direct attenuation component due to non-attenuated light from the object D c (x) = J c (x) · t c (x); and forward scattering component due to scattered light from the object at a small angle, respectively (As shown in Fig.1 ). In underwater image processing methods, forward scattering is often ignored. So the underwater image formation can be simplified by:
where I c is the observed image in color channel c at pixel x, A c is the background light; J c is the recovered image in the classical methods, and t c ∈ [0, 1] is the transmission map which represents the residual light after scattering or absorbing, and reaches the camera (inversely related to the scene depth).
When the haze is homogenous, t c can be written as an exponential decay term
where d(x) is the scene depth, or the distance of the object to the camera, and β c is the total attenuation coefficient for channel c. β c is assumed as a constant value of each channel and can be determined empirically. This means that we can obtain reasonable values of t c (x) if d(x) is known. 
B. DEHAZING BASED ON DCP ALGORITHM
Based on DCP rgb , for a haze-free image J c , it often assumes that one of the three color channels will typically at least have a low-intensity pixel in the local patch (x) centered at pixel x, that is
In Eq.(3), J rgb dark is the dark channel image of J c . To estimate J c , the minimization is conducted among three color channels in a local patch of an image on the both sides of Eq. (1)
In the DCP-based methods, the brightest pixels in the dark channel are assumed as most haze-opaque, so the top 0.1% brightest pixels in I rgb dark are picked, and the corresponding set of positions is p 0.1% . Among these pixels, the one corresponding with the highest intensity in the input image I c is chosen to estimate the A c and is described as
If A c is known, then the transmission t c can be obtained by Finally, the estimated scene irradiance J c can be calculated as
where t 0 is a lower bound and is empirically set in the range
In general, DCP-based methods often assume the background light presents the highest intensity. However, the challenging situation of underwater images is that the pixels of near white objects or in the near artificial lighting region, which are bright and exhibit a high intensity, may be wrongly estimated as the background light (as shown in Fig. 2) . Additionally, the strong attenuation of red component intensity with increase of the distance in the underwater scene makes the DCP values in the red channel of a far scene small, causing inaccurate image scene depth and further lead erroneous background light estimation and transmission estimation. Moreover, the transmission map estimation depends entirely on the background light. If the background light is estimated incorrectly, transmission map estimation can also be influenced significantly. To this end, the estimation of J c , which is essentially a dehazed image, ignores the disturbance of light source attenuations along the propagating path. If J c is used to be the estimation of the final recovered image, color distortion and light overcompensation may be introduced. Thus, the effectiveness of DCP-based methods in recovering the underwater images relies on three assumptions: the white objects from infinity, non-artificial light, and wavelength-independent attenuation. However, the complex underwater environments may violate these assumptions, and produce the poor visibility.
III. RLSCD-BASED APPROACH
In comparison with the traditional underwater image enhancement methods, we present a new method based on Removing Light Source Color and Dehazing(RLSCD). The flowchart of the RLSCD method is shown in Fig.3 . We first calculate two scene depths using inverse red channel attenuation and the saturation attenuation, to estimate the final scene depth. Then, we further acquire background light based on gray open operation and the estimated scene depth. Subsequently, adding a factor α 1 (0 ≤ α 1 ≤ 1) to adjust the background light to avoid the influence of white objects and artificial lighting. The transmission map can also be estimated with the scene depth information. With the estimated background light and transmission map, the dehazed image is achievable. Next, according to the Lambertian model, the disturbance of light source color can be estimated. Finally, we can enhance the degraded underwater image by removing the light source color from the dehazed image.
A. SCENE DEPTH ESTIMATION
Most of the previous methods neglect the different attenuations in three color channels and estimate the transmission map based on DCP prior directly, which is not always suitable to the complex underwater scenes. The transmission map is often affected by the varied phytoplankton concentration and light conditions. To our knowledge, for each meter in the water, the average light attenuations of red, green and blue channels are 18%, 5%, and 2.5%, respectively. Considering the strong correlation of scene depth with the wavelength attenuations, we propose to estimate scene depth by considering the insufficient lighting environment, as well as sufficient lighting case.
When the input image is taken under insufficient lighting, there are two conditions: one is the low-light image (mean(I ) < 0.2), both the background and foreground regions are dim; another is mean(I ) ≥ 0.2 and the ratio of mean intensity in red channel and the maximum ones of other two channels (ratio = mean(I r ) max(mean(I g ),mean(I b )) ), is relatively small. This indicates the background light is dim, and the foreground region may be light. In these cases, inverse red channel attenuation can reflect the special characteristics in an underwater scene and is defined as [15] A ired (x) = min
The scene points with small values in the inverse red channel are assumed to be closer to the camera and are used to estimate the first depth:
where T (·) is a stretching function. However, inverse red channel attenuation cannot represent the total attenuations among three channels. Based on the fact that red light attenuates fast among three channels, and the closer scene points attenuate less than the farther scene points, MIP prior [24] , [25] was first proposed by using the maximum intensity in red channel minus the maximum intensity of other two channels
It also produces inaccurate estimation in the region under sufficient lighting, whose MIP values of the closer scene may be similar to the farther points. When the image is acquired under sufficient lighting, the background light is brighter. It means that the inverse red channel also owns smaller intensity in the farther scene, in this case, d ired (x) is not suitable to represent the distance. The brighter background light may be caused by natural lighting and artificial lighting. To separate the natural illuminated regions and artificially illuminated regions, we propose to estimate the second depth based on saturation attenuation
In an underwater environment, the artificial lighting region is assumed to be close to the camera. To our knowledge, artificial illumination forces a pixel to have a lower saturation value compared with the pixel under natural illumination. Thus, the scene points with small values of A sat are assumed to be closer to the camera. Then the second depth estimation can be obtained
Combining Eq. (9) and Eq. (12), the relative distance can be calculated by
To transform the relative distance to the actual distance, the final depth map can be given by:
In the formula, φ is a constant transforming coefficient, and θ is the distance between the camera and the closest scene point. In our study, φ is set to 8, and θ is set to 0.2 empirically. 
B. BACKGROUND LIGHT ESTIMATION BASED ON GRAY OPEN AND SCENE DEPTH
The background light A c is a key factor that determines the color and brightness of the enhanced results. As shown in Fig.4 , the large values of A c will lead to a brighter recovered image, while using smaller A c values obtains an opposite result. Moreover, changing the values of the A c only in one of the color channels will cause the color change [26] . Typically, most underwater enhancement methods estimate A c with the brightest pixels in the image. The brightest pixels may be derived by the foreground region, if the white object or artificially illuminated region is close to the camera. The estimations of the background light and transmission map of these methods are mainly divided into three categories: DCP rgb [21] , [30] , [34] , DCP r gb [14] and DCP gb [31] . Instead of selecting the brightest pixels from infinity, DCP rgb may calculate A c with brightest illuminated foreground pixels, wrongly regarded as being far. To solve the illuminated lighting problem, Galdran proposed DCP r gb by assuming that artificial illumination forces a pixel to have similar values in three channels, which indicates I r I g I b . However, if a dark pixel from infinity has values near the zero in three channels, it would be wrongly judged to be the artificially illuminated pixel and further lead to inaccurate A c estimation. DCP gb does somewhat imprecisely estimating A c because it does not consider the red channel. In fact, an ideal background light should be estimated with the bright pixels, which lies at the maximum scene depth with respect to the camera [27] . In this study, to better handle the above problems, we propose to estimate A c based on gray open operation and scene depth, considering the effects of both white objects and artificially illuminated regions. In IFM, the recovered image J c (x) is the total amount of incident light reflected with reflectivity
According to Eq. (1), A c can be calculated when ρ c (x) → 0 and d(x) → ∞. Then the two major steps include making the reflection coefficient close to zero and selecting the farthest points. The analysis of absorption/reflection properties shows that the image color is generated by absorbing the specific frequency light from the white light and reflecting the residual light, and indicates that for the brighter or the darker objects, there is at least a reflection coefficient in three color channels is very small and close to zero, i.e., ρ c min (x) → 0 [28] . So we take minimization among three color channels on both sides of Eq. 
From the above analysis, A r can be calculated for the general underwater image, while ρ c min (x) → 0 and d(x) → ∞. However, it shows an opposite tendency for white objects. Because the minimum reflection coefficient of the white object ρ whitec min (x) → 1 and invalidates the assumption. To robustly estimate A c , we employ gray operation to alleviate the disturbance of the white objects: 
where
is the average distance of pixels from the RGB space to the vector [1,1,1] as the measure standard [29] , and is defined as w(
is set to a threshold empirically. The explanation of Eq. (20) is as follows. If mean(w(x)) < ε 1 , the image is considered to have more bright points near the white objects or the artificial lighting region, meaning that the reflectivity ρ c (x) of this area is larger, then the accordingly background light estimated as being brighter is more suitable. In this case, α 1 is greater and the accordingly estimation is larger. In contrast, if mean(w(x)) > ε 1 , the background light is estimated as being darker. In between these extremes, A r can be calculated by a weighted combination of the darkest and brightest candidates. Considering the attenuations and correlations of three channels, the background light estimation of the other two color channels can be deduced as [15] A k A r =
where λ c , c ∈ {r, g, b} represent the wavelengths of the red, green, and blue channels, m = −0.00113, and i = 1.62517. In general water, β c can be expressed as [15] 
In our method, we choose three standard wavelengths of red, green and blue at 620nm, 540nm, and 450nm, respectively for convenience.
C. IMAGE DEHAZING
The classical methods of dehazing the underwater images, i.e., J c (x), often require the estimation of A c and t c (x) based on Eq. (7). Transmission map t c (x) is often calculated with [30] - [32] . However, due to the block-based DCP and color distortion, some mosaic artifacts may be introduced in the transmission map. Although t c (x) can be refined by the soft matting, it is time-consuming and is not suitable in the real-time image enhancement. To our knowledge, t c (x) is a kind of transparent layer with the scene depths. Thus, we propose transmission estimation based on the scene depth
Then t g and t b can be calculated with [34] 
With the estimated background light A c and transmission map t c (x), we can enhance the underwater image according to Eq. (7). When the transmission map t c (x) is nearly zero, the recovered image will contain noise. So a lower bound t 0 is incorporated. Our method shows the effectiveness of removing haze because of the accurate estimation of background light and transmission map.
D. REMOVING LIGHT SOURCE COLOR
In most of underwater image enhancement methods, J c (x) is assumed to be the final recovered image. However, J c (x) represents the part of the incident light reflected with reflectivity ρ c (x). The incident light includes not only artificial light but also natural light, and is assumed to be equal to the global (25) where L c indicates the residual artificial light after traveling distanced(x) and reaching point x. As the sunlight light propagates along the water depth D, the residual natural light can be formulated as the second term, i.e., N c . In our study, we assume L c and N c as the constants. Then J c (x) can be further deduced as
From Eq. (26), it can be seen the classical methods work well in removing scattering effects to provide the contrast-improved images, but ignoring the influence of the light source attenuations in J c (x). Thus color distortion and light overcompensation may be introduced in the result. In fact, an ideal recovered image should be the natural light reflected with reflectivity, therefore, the natural light and reflectivity are useful clues for underwater image enhancement. To estimate scene irradiance without color loss and light overcompensation, the artificial light source color should be removed.
To better handle the above problems in the dehazed image, J c (x) can be expressed as followed product based on the Lambertian model,
where J c 1 (x, λ c ) is assumed to be the object surface reflectance in our study; l(λ c ) is the amount of light illuminated by the artificial light source at wavelength λ c , and ς (λ c ) is the camera response. J c 1 (x, λ c ) represents the attenuated natural light after traveling the distance D, and then is reflected with the reflectivity ρ c (x) from the scene points
However, Eq.(27) denotes the case in the air while ignoring the light attenuation. In the underwater environment, when the attenuated natural light is reflected from the scene and travels back the distanced(x) to reach the camera, light loss occurs and cannot be ignored. Accordingly, the model can be further evolved
The red wavelength is taken as an example
According to the Grey World assumption: the color of the average reflectance with light attenuation in an entire image is a constant
where k is an arbitrary constant and is set to [0,1] empirically. Color distortion and illuminance overcompensation can be adjusted with factor k. Based on Eqs. (30) and (31), the relation of the de-scattered image and the attenuation effects can be derived
From Eq.(32), the response of the artificial light source color can be calculated as
The light source color of other channels can be obtained with the same methods. Combining Eqs. (28), (30) , and (33) we can estimate the scene irradiance by removing the light source color
The final recovered image J c 1 (x), which considers the light source color attenuations along the light propagating path, as well as scattering effects, is free of scattering, color loss, and light overcompensation. Fig. 5 shows the comparison results of the dehazing method and RLSCD. Fig.5(c) is the dehazed result based on the estimated background light and transmission in this paper. Fig.5(d) is the final result with RLSCD. The comparison of the two figures shows the influence of light source color. 
IV. EXPERIMENTAL ANALYSIS AND SIMULATION
Three groups of underwater images are used to demonstrate the effectiveness and robustness of the RLSCD method. The first group of images is natural underwater images downloaded from the internet. The two other groups are images captured under different experimental situations: one is polyform under different scattering effects and the other is the white portrait image at different distances under the fixed scattering effects. The light source is a led lamp. The water scattering is controlled by dropping different amounts of milk. NTU represents 1L water contains 1mg float particles, for which larger values represent the higher scattering of the water. In this section, we compare the RLSCD method with previous underwater image enhancement methods. The methods used for comparisons include DCP [13] , MSRCR [29] , Grey World, CLAHE [6] ,COFFID [8] , IBLA [15] and NON [35] .
A. PERFORMANCE ON NATURAL SCENE
Three major factors are usually considered in the performance evaluation: one is low contrast, followed by color distortion and the other is the darker scene. Fig. 6 shows the comparison results of underwater natural scenes, which are characterized by scattering effects, bluish tone, and low-light conditions. In general, the RLSCD method can produce more pleasing visibility in terms of contrast, colorfulness and brightness. not take underwater properties into account. MSR, Grey World, CLAHE, COFFID, IBLA and NON can improve contrast to the extent, but these methods cannot remove haze completely, while introducing a few color distortion. In contrast with these methods, the RLSCD method improves contrast with more detailed informations and brings fewer artifacts.
Most of the underwater images suffer not only scattering but also the color distortion. In this case, color distortion is an inevitable question. Fig. 6(a) and Fig. 6(d) show an example of enhancing underwater images with the bluish tone caused by the color distortion. Observing the compared results, DCP, CLAHE, COFFID and IBLA show limitations in restoring colors of the images, and MSR, Grey world methods can improve the color distortion of the raw underwater images while introducing over-compensated regions. NON enhances contrast, but cannot improve the color distortion, because it treats the transmission of three color channels as the same. By contrast, RLSCD produces more natural results by removing the disturbance of light source color.
Lastly, another challenging scene, which is the low-lighting underwater images, because the pixels which are used to estimate the background light and the transmission map may be saturated in the dehazing process. As shown in Fig. 6(e) , DCP presents an unsatisfactory restoration result because the pixels of the white objects are mistakenly judged as the background light estimation. Thus the brighter A c estimation will lead to a darker scene restoration. MSR and Grey World compensate for the illumination but also produces overcompensation effects on the white region. COFFID makes the image darker, and NON only amplifies the illumination in the foreground region. Although CLAHE and IBLA methods can compensate for the illumination of the low-light underwater images efficiently, its results are not as natural as our dehazing results. RLSCD method generates a much brighter image with more details based on the accurate background light estimation and the removal of light source color, to adjust the image brightness adaptively according to the locations of the pixels.
Subjective evaluation is biased and time consuming. To further analyze the restored results efficiently, we need to assess the visual quality objectively. In this section, we apply the Underwater Color Image Quality Evaluation (UCIQE) [36] and entropy to demonstrate the accuracy of the methods.
Generally, UCIQE is defined as a linear combination of chroma σ c , contrast con l , and saturation µ s :
Here, we set the weighted coefficients according to the recommendation as c 4 = 0.4680, c 5 = 0.2745 and c 6 = 0.2576. The entropy is used to measure the image information content. Higher entropy values of an image indicate more information is retained in that image.
The results presented in Table 1 demonstrate that the RLSCD method can effectively balance the chroma, contrast and saturation of the enhanced underwater images, and then produce more visually appealing results. Observing the results, RLSCD method outperforms the other methods.
B. PERFORMANCE ON SCATTERING EFFECTS
As discussed above, scattering is the primary reason for the poor visibility of the underwater images. To verify the effectiveness and robustness of the RLSCD method in removing haze. We test underwater images captured under different scattering effects. We choose a polyform as the object and simulate the underwater scattering by dropping different amounts of the milk in the water. The larger NTU values represent the higher scattering effects of the water. Fig. 7 shows the results of underwater images with different scattering effects. From left to right, NTUs of the water are 5,10,15, and 20 respectively; As shown in the figure, the detailed information (the word on the polyform) of DCP is unclear (especially NTU = 20) because of the scattering effects. Due to the advantage of preserving color constancy, MSR produces brighter and colorful images but introduces over-compensated regions. IBLA, CLAHE, Grey World and COFFID method work well on the images with lower NTU values. However, with the increase of the NTU values, the unsatisfactory results are presented. Although the haze in the underwater images can be removed effectively by the NON method, few details are veiled by the color cast, because the attenuated energy is not considered individually in transmission map estimation according to different wavelengths. By contrast, the RLSCD method performs well in color correction and contrast enhancement, and the word in the middle of the polyform can be clearly found in the proposed results.
C. PERFORMANCE ON SCATTERING EFFECTS AT DIFFERENT DISTANCES
The poor underwater visibility range makes object detection in long-distance hard, especially with white objects. White objects are hard to be detected because of the resem-VOLUME 7, 2019 blance with haze and are easily hidden behind the haze. With the increase of the distance, the contrast of the images decreases significantly. In this experiment, we test the white object with low contrast at different distances. In Fig. 8 , from left to right shows the images at different distances (400mm, 500mm, 600mm, and 700mm) from the camera, respectively. NTU is fixed set to 15. Although all methods can identify the profile of the object at the shorter distances (400mm, 500mm, and 600mm), some contrast differences exist, RLSCD method can produce a better-enhanced result. However, the processed results with the objects at longer distances (700mm) are different. The longer distances lead to VOLUME 7, 2019 seriously degraded contrast and invalidate DCP. MSR, Grey World, CLAHE, COFFID and IBLA only slightly alter the image, whereas RLSCD generates a much brighter result with more details for this case. The results of RLSCD are neither over-compensated nor under-compensated, and even more natural than the results of other methods.
V. CONCLUSION
In this paper, we proposed an underwater image enhancement method based on Removing Light Source Color and Dehazing(RLSCD). Scene depth is first estimated with minimum inverse red channel attenuation or the saturation attenuation among three color channels, to pick the farthest pixels correctly for the further estimation. The proposed background light based on gray open operation and scene depth, which is used to alleviate the disturbance of the white objects and artificial lighting, can effectively increase contrast. Simultaneously, the transmission map can also be estimated with scene depth for removing haze more completely. With the estimated background light and transmission map, the dehazed image is achievable. In contrast to the previous methods, which mainly focus on removing scattering effects, color loss and exposed light are also considered in our study. Then the dehazed image is applied to the Lambertian model to remove light source color attenuation to correct color distortion and light overcompensation. Extensive experiments demonstrate that the RLSCD method can produce better visibility and outperforms state-of-the-art methods in terms of relatively genuine color, natural visibility and improved brightness, which can be used for unveiling more details and valuable information.
Despite of the good performance, our method nevertheless has some limitations. For example, the RLSCD method induces little halo effects when artificial lighting is very close to the object. This is because of the saturated pixels of the brighter region. Next, the real-time underwater image enhancement method will be developed for underwater fast working.
